Objective: Translation of basic research from bench-to-bedside relies on a better understanding of similarities and differences between mouse and human cell biology, tissue formation, and organogenesis. Thus, establishing ex vivo modeling systems of mouse and human pancreas development will help not only to understand evolutionary conserved mechanisms of differentiation and morphogenesis but also to understand pathomechanisms of disease and design strategies for tissue engineering. Methods: Here, we established a simple and reproducible Matrigel-based three-dimensional (3D) cyst culture model system of mouse and human pancreatic progenitors (PPs) to study pancreatic epithelialization and endocrinogenesis ex vivo. In addition, we reanalyzed previously reported single-cell RNA sequencing (scRNA-seq) of mouse and human pancreatic lineages to obtain a comprehensive picture of differential expression of key transcription factors (TFs), cellecell adhesion molecules and cell polarity components in PPs during endocrinogenesis. Results: We generated mouse and human polarized pancreatic epithelial cysts derived from PPs. This system allowed to monitor establishment of pancreatic epithelial polarity and lumen formation in cellular and sub-cellular resolution in a dynamic time-resolved fashion. Furthermore, both mouse and human pancreatic cysts were able to differentiate towards the endocrine fate. This differentiation system together with scRNA-seq analysis revealed how apical-basal polarity and tight and adherens junctions change during endocrine differentiation. Conclusions: We have established a simple 3D pancreatic cyst culture system that allows to tempo-spatial resolve cellular and subcellular processes on the mechanistical level, which is otherwise not possible in vivo.
INTRODUCTION
The pancreas comprises of exocrine and endocrine compartments responsible for secretion of nutrient-digestive enzymes and blood glucose-regulating hormones, respectively. Malfunction of the exocrine pancreas is associated with diseases, such as pancreatitis and pancreatic cancer. On the other hand, loss or progressive dysfunction of insulin-producing b-cells leads to hyperglycemia and diabetes mellitus. Currently, there is no treatment that can stop or reverse diabetes progression. Replacing the lost b-cells by generating in vitro differentiated b-cells and triggering endogenous mechanisms of repair hold great promise. Yet, accomplishing these therapeutic goals re-quires a better understanding of how pancreatic lineages, specifically b-cells, are formed during human embryonic development [1] .
In mouse, pancreas organogenesis involves complex events of tissue patterning and cell differentiation [2] . First, pancreatic epithelial buds are formed from the foregut endoderm that consist of multipotent pancreatic progenitors (MPCs). In the central region of the buds, some MPCs become polarized and contribute to the formation of central microlumens [3, 4] . Subsequent fusion of the microlumens together with the patterning of the epithelial buds into the central trunk and peripheral tip domains gradually produce a single-layered epithelial network at embryonic day (E) 15.5 [5] . During these epithelial remodeling processes, MPCs become progressively lineage restricted and segregate into three main pancreatic lineages, namely acinar, ductal, and endocrine cells. Among these, endocrine cells are differentiated from bipotent ductal/endocrine progenitors located within the pancreatic epithelium [2, 6] . First, bipotent progenitors express low levels of the TF neurogenin3 (Neurog3, Ngn3) to become Ngn3 low progenitors. Then, these progenitors increase the expression levels of Ngn3 and generate Ngn3 high precursors, which differentiate into hormone À /Fev high population. Finally, Fev high cells generate fully differentiated hormone þ endocrine cells [7, 8] , which cluster into islets of Langerhans and regulate blood glucose homeostasis through producing and secreting hormones, such as insulin and glucagon [1, 6] . Over the past decade, our understanding of human pancreas development has steadily increased [9e13]. This is partially due to the recent advancements in differentiation of human pluripotent stem cells (hPSCs) into pancreatic islet-like clusters (ILCs) [14e17] . Although this in vitro differentiation system has uncovered detailed gene regulatory networks and a roadmap of human endocrinogenesis [17, 18] , it cannot address the impact of tissue morphogenesis on endocrine cell differentiation. Therefore, understanding the molecular details of coupling epithelial dynamics, cell polarity, cellecell and cellematrix adhesion to pancreatic differentiation programs requires high-resolution spatial and temporal modeling systems [4,19e21] . 3D organoids are complex structures consisting of a polarized epithelial layer with a central lumen and carry great potential to study human development and organ-specific diseases, which are otherwise not assessable. In terms of organogenesis, these epithelial-based structures are unique systems that address developmental processes regulating niche signals and lineage decision, cellecell interactions as well as tissue morphogenesis and patterning [22e25] . Several groups have previously investigated pancreatic lineage decision or cell plasticity using organoids derived from embryonic or adult pancreatic cells, respectively [26e33]. Among these, a pioneering work by Greggio et al. has generated 3D organoids that faithfully resembles mouse embryonic pancreas and allows in vitro lineage expansion and differentiation [26] . However, the complex epithelial structure of organoids deteriorates their potential to investigate dynamic regulation of cell polarity, adhesion, and differentiation in a temporal fashion. In contrast, 3D epithelial cysts or spheres are circular and polarized epithelial structures with a central lumen that present simple cell-type composition and allow for high-resolution cellular and subcellular analyses over time that are not possible in vivo. These structures have been generated from mouse and human pancreatic epithelial cells [27, 28] . Yet, their application to study early pancreatic formation and patterning during endocrinogenesis has not been thoroughly examined. To study dynamic changes in pancreatic epithelial morphology during endocrine cell differentiation, we developed a simple high-resolution ex vivo 3D cyst culture from pancreatic progenitors (PPs). We generated polarized pancreatic epithelial cysts (PECs) originated from mouse primary PPs or human iPSCs-derived PPs that present similar molecular characteristics to the pancreatic epithelium in vivo. To obtain molecular details of cell biological changes during endocrinogenesis, we first reanalyzed single-cell RNA sequencing (scRNA-seq) of mouse embryonic pancreatic epithelial cells [7] and in vitro human endocrine cell differentiation [17, 18] , indicating changes in expression levels of key TFs, cellecell adhesion molecules and cell polarity components. To support this finding in a dynamic time-resolved culture system, we next differentiated PECs into endocrine cells and found remodeling of cell adhesion molecules and loss of apical-basal (AB) polarity during endocrine cell differentiation. Overall, establishment of a simple and reproducible PEC culture provided a high-resolution modeling system that not only allows for studying pancreas development in a dynamic temporal fashion but also enables comparing pancreatic epithelial biology across species and genotypes.
MATERIAL AND METHODS

Mouse lines
Mouse lines were kept at the central facilities at Helmholtz Center Munich (HMGU) and animal experiments were performed in accordance with the German animal welfare legislation with the approved guidelines of the Society of Laboratory Animals (GV-SOLAS) and of the Federation of Laboratory Animal Science Associations (FELASA). Postmortem examination of organs was not subject to regulatory authorization. The following mouse lines were used in the study: C57BL/6J, 129/SvJ and Tg(Neurog3-cre)C1Able/J (Ngn3 Cre ) [34] crossed with Gt(ROSA)26 mTmG [35] to generate Ngn3 Cre ;mTmG line.
Cell source
An episomal reprogrammed iPSC line (HMGUi001-A) was generated in our laboratory from healthy donors (Gibco Human Episomal iPSC, Cat. No: A18945, Life Technologies) [36] . The cell line has been authenticated by Cell Line Genetics (Madison, WI) and confirmed to be mycoplasma-free by using the Lonza MycoAlert Mycoplasma Detection Kit (Lonza, Cat. No: LT07-418).
2.3. 3D culture of mouse embryonic pancreatic epithelial cells 8-well uncoated Ibidi chambers (Ibidi, Cat. No: 80821) were coated with 100% growth factor-reduced Matrigel (BD Biosciences, Cat. No: 356231) (5 ml/well) for 15 min at 37 C before adding the cell suspension. Mouse embryonic pancreata were dissected from E14.5 embryos and incubated in 0.25% trypsineEDTA (Invitrogen, Cat. No: 25200-056) for 30 min on ice followed by 5 min incubation at 37 C. The trypsin was replaced by culture medium (medium A or B) and single-cell suspension was obtained by 30 times pipetting up and down of the samples. Cells were cultured on 100% Matrigel precoated chambers supplemented with 2% Matrigel in the culture medium. Each E14.5 pancreata was split in 2e3 wells of m-slide 8 No: Y0503) was added and cell suspension was seeded for maintenance cultures (1:10) and differentiation (2e2.5 Â 10 5 /cm 2 ) on Geltrex-coated surfaces. The differentiation was started 24 hrs after cell seeding. For differentiation towards endocrine cells, a slightly modified version (at S2) of the b-cell differentiation protocol by Rezania et al. was used [16] . Medium S1: Definitive endoderm was induced by using MCDB131 medium supplemented with 0.5% BSA (Sigma, Cat. No: 10775835001), 1xGlutamax (Gibco, Cat. No: A12860-01), CHIR 99021 (R&D Systems, Cat. No: 4423/10) for the first day and 100 ng/ml Activin A (Peprotech, Cat. No: 120-14-300) for all the 3 days. Matrigel (5 ml/well) and kept for 15 min at 37 C to polymerize the Matrigel. Human differentiated iPSCs at different stages (DE, PGT, PP1, PP2 and EN) were trypsinized with 1:1 0.05% TrypsineEDTA (Cat. No: 25300054) and DPBS for 3 min at 37 C. Subsequently the enzymatic reaction was neutralized by StemMACS iPS-Brew, spun for 3 min at 1200 rpm and seeded in differentiation medium containing 10 mM Y-27632 and 5% Matrigel. The following day the medium was changed with the appropriate differentiation medium.
2.6. Immunostaining and imaging 2.6.1. Preparation of embryonic pancreatic sections and staining Embryonic pancreata were dissected and fixed with 4% paraformaldehyde (PFA) for 2 hrs at 4 C before subsequent merging in 7.5, 15 and 30% sucrose-PBS solutions (2 hrs incubation for each solution) at RT. Next, samples were embedded in cryoblocks using tissuefreezing medium (Leica 14020108926) and sections of 20 mm thickness were prepared and used for immunostaining described as follow. First, samples were permeabilized (0.1% Triton, 100 mM Glycine) for 15 min and were subjected to the blocking solution (10% FCS, 0.1% BSA, 3% Donkey serum and 0.1% Tween-20 in PBS) for 1 hr at RT. Then, primary antibodies (Supplementary Table 1 ) that were diluted in the blocking solution were added overnight at 4 C. Samples were then extensively washed with PBST (0.1% Tween-20 in PBS), and were incubated with secondary antibodies for 3e5 hrs at RT. The samples were then incubated with DAPI and embedded in the commercial medium (Life Tech., ProLong Gold).
Immunostaining of mPECs
Mouse PECs were fixed with 4% PFA for 10e15 min at 37 C and were permeabilized (100 mM Glycine and 0.2% Triton X-100) for 10 min at RT. Next, fixed samples were incubated with blocking solution (10% FCS, 0.1% BSA, 3% Donkey serum and 0.1% Tween-20 in PBS) for 30 min at RT. Subsequently, mPECs were incubated with primary antibodies (diluted in blocking solution) ( Supplementary Table 1 ) for 1e2 hrs at RT. After washing with PBST, samples were incubated with secondary antibodies for 1 hr at RT followed by addition of the mounting medium.
2.6.3. Immunostaining of hPECs iPSC-derived hPECs were rinsed once with 1 x PBS before samples were fixed with 4% PFA for 15 min at RT, then washed once with PBS and permeabilized with 0.1% Triton X-100 and 0.1 M Glycine in PBS for 20 min at RT. The hPECs were blocked with the blocking solution (10% FCS, 0.1% BSA, 3% Donkey serum and 0.1% Tween-20 in PBS) for 1 hr at RT on a shaker. Next, hPECs were exposed to the primary antibodies ( Supplementary Table 1 ) for 1 hr at RT and then at 4 C overnight. The following day the antibody solution was removed and washed 3 x with PBS for 10 min followed by incubation with secondary antibodies for 3 hrs at RT. The hPECs were washed 3 x with PBS for 10 min and then kept in PBS for direct imaging or addition of Elvanol for long term storage.
Confocal microscopy imaging
Imaging of mPECs and pancreatic sections was performed using a laser scanning confocal microscopy. Images were acquired with a Leica microscope of the type DMI 6000 and a Leica TCS SP5 confocal laser scanning setup. hPECs were imaged using Zeiss LSM 800 confocal laser microscope.
Time-lapse imaging
Time-lapse movies were captured using a Leica microscope of the type DMI 6000 and a Leica TCS SP5 confocal laser scanning setup. E14.5 primary pancreatic cells were culture in 3D Matrigel and imaged after 4 or 24 hrs at 37 C in a controlled chamber supported by O2 and CO2.
Original Article 2.7. Single-cell data analysis All analyses were performed using Python 3.5 and the Single Cell Analysis in Python (Scanpy) (v1.3.2) (https://github.com/theislab/ scanpy) [38] . 2.7.1. Re-analysis of murine pancreatic endocrinogenesis Processed, normalized, and annotated single cell RNA sequencing data were downloaded from GEO (accession number GSE132188). The original data contained cells from the pancreatic epithelium analyzed at four time points (E12.5-E15.5) [7] . For the scope of this manuscript, we used a subset of the data that contained from time points E13.5e15.5 ductal, endocrine progenitor-precursor cells (Ngn3 low and Ngn3 high ) as well as Fev þ /hormoneand hormone þ endocrine cells (Fev þ -Beta, Fev þ -Alpha, Beta, Alpha, Fev þ -Delta, Delta, Fev þ -Epsilon, Epsilon) according to the clustering in Figures 6 and 7 of the original publication [7] . For visualization, Uniform Manifold Approximation and Projection (UMAP) [39] was newly calculated on the subset of the data by recomputing the single cell neighborhood graph (kNN-graph) on the first 50 principal components using 15 neighbors. As input data was subset to the highly variable genes as identified in the original publication.
Re-analysis of human in vitro stem cell differentiation
Processed single cell RNA sequencing data and annotations were downloaded from GEO (accession number GSE132188). The data of stage 5 cells from the original publication [17] were used (GSE114412_Sta-ge_5.all.processed_counts.tsv and GSE114412_Stage_5.all.cell_metadata.tsv) and subset to endocrine progenitors and the b-cell lineage according to the annotation of the original publication in Figure 5 (clusters NKX6-1 progenitor, Early endocrine induction, Mid endocrine induction, Late endocrine induction, SC-b). A cluster of SC-b cells that did not express insulin (annotated as early SC-b cells) was excluded. The data were normalized to total counts per cell using the pp.normalize_per_cell function in scanpy with default parameters and log-transformed (pp.log1p). Genes expressed in less than 10 cells were filtered. For visualization, a UMAP was calculated by computing the single cell neighborhood graph (kNN-graph) on the first 50 principal components using 15 neighbors. As input, the data were subset to the top 3000 highly variable genes selected based on normalized dispersion using the pp.filter_genes_dispersion with default parameters.
RESULTS
Establishment of 3D mouse pancreatic cyst culture
To temporally resolve cell biological and molecular processes occurring in the pancreatic epithelium during expansion and differentiation, we established an in vitro mouse polarized PEC culture. Therefore, we used single cell suspensions of primary pancreatic cells at E14.5 cultured in a Matrigel-based 3D condition using two different culture media containing hepatocyte growth factor (HGF) (Suppl. Figure 1A) . Although, the initial cell suspension included all pancreatic and nonpancreatic cells (mesenchymal, epithelial and endothelial), our culture conditions allowed only pancreatic progenitors to aggregate and gradually form a polarized epithelial cyst with a central lumen during one day of culture (Suppl. Movie 1). Alternatively, cyst formation was initiated by division of a single progenitor followed by establishment of a central lumen at 2-cell stage ( Figure 1F ). Further maintenance of PECs in culture resulted in their growth and expansion (Suppl. Movie 2). Following this, we stained mouse PECs (mPECs) for pancreatic ductal epithelial markers. We found that mPECs express several pancreatic progenitor TFs, such as Sox9, low levels of Foxa2, Pdx1, and Nkx6-1 as well as the ductal marker Cytokeratin-8 (CK8) ( Figure 1A and Suppl. Figure 1B) . These results indicate that the PPderived mPECs represent the molecular signatures of pancreatic ductal epithelium in vivo. Supplementary video related to this article can be found at https://doi. org/10.1016/j.molmet.2019.09.005 Next, we analyzed if mPECs recapitulate AB polarity of embryonic pancreatic epithelium. Immunostaining analysis revealed the basal expression of the cellematrix adhesion molecule CD49f (Integrin a6) and basolateral staining of the cellecell adhesion molecule b-Catenin (b-Cat) in mPECs ( Figure 1B ). Furthermore, staining of different apical markers including cortical plasma membrane (PM) filamentous Actin (F-Actin), Mucin-1, atypical protein kinase C (aPKC), and partitioning defective 6 homolog alpha (Par6) indicated the orientation of apical domain towards the central lumen ( Figure 1C and Suppl. Figure 1C ). In epithelial cells, F-Actin is tethered to the nearby PM mediated by the ERM (Ezrin, Radixin, Moesin) proteins that are differentially expressed in distinct tissues. Accordingly, we found the localization of Ezrin and its related protein, Ezrin-Radixin-Moesin-binding phosphoprotein 50 (EBP50/NHERF1), in the apical domain of these structures ( Figure 1D ). Among these, the expression of EBP50 has not been reported in embryonic pancreatic epithelium before. Of note, we could not detect specific staining for another ERM member Moesin in the apical domain of mPECs (Suppl. Figure 1D) . Moreover, the apical expression of aPKC, Ezrin, and EBP50 was confirmed in embryonic pancreatic sections (Suppl. Figure 1E) , further indicating the similar expression of AB polarity markers between in vitro generated mPECs and in vivo pancreatic epithelial progenitors. The molecular details of early events during pancreatic epithelial development are not well-characterized. In MadineDarby canine kidney (MDCK) cell line, epithelial lumen formation starts with the appearance of an apical-like domain on one side of the single cell that after cell division translocates to the area between two cells to form the apical membrane initiation site (AMIS) [40, 41] . Further growth of epithelial cysts relies on the expansion of this domain and increase in cell division process. To explore how the central lumen and epithelial polarity are established, we analyzed the time-lapse imaging of pancreatic cyst formation. We found that at early stages F-Actin network is enriched at the cell periphery but it gradually localizes centrally at later stages ( Figure 1E and Suppl. Movie 1). Moreover, staining of pancreatic epithelial cells revealed the existence of an apical-like domain at single-cell stage (marked by Ezrin) and the appearance and extension of an AMIS at the two-cell stage that further generated a central lumen and established the epithelial AB polarity ( Figure 1F ). Thus, our primary cell culture model allows detailed analysis of a cell biological and molecular process that has only been shown to exist in immortalized MDCK cells before.
ScRNA-seq analysis reveals molecular details of cell biological processes during endocrinogenesis
After successful generation of PECs, we used the model system to study the molecular details of endocrinogenesis ex vivo. To compare and have a blueprint of cell differentiation programs during endocrine cell differentiation in vivo, we first analyzed transcriptional profiles of mouse embryonic pancreatic cells at single-cell-level resolution using our recently published dataset [7] (Figure 2A,B) . As expected, TFs Sox9, Gata6, Hes1, and Hhex were expressed higher in ductal cluster and Ngn3 low progenitors, but their expression were strikingly lower or almost absent in other clusters. At Ngn3 high precursor state, there was an upregulation of Ngn3, Foxa2, Nkx6-1, Nkx2-2, and Pax4 expression. In contrast, the expression levels of Pdx1, Pax6, and Neurod1
were only increased at Fev high state. The differentiated a-cells expressed higher levels of Arx and Pou3f4, while the differentiated b-cells were marked by increased expression levels of Pdx1, Nkx6-1, Mnx1, and Ins2 ( Figure 2C ). Thus, this analysis provides a comprehensive picture of changes in expression levels of key pancreatic TFs during mouse endocrinogenesis. Original Article 20 Upon differentiation, endocrine cells change morphology, leave the ductal epithelium in a so-called delamination process, and cluster within the surrounding mesenchyme to form proto-islets [6, 42, 43] . The cell biological and molecular details of this dynamic process are largely unknown. Therefore, we hypothesized that changes in AB polarity as well as resolving and remodeling of adherens and tight junctions (AJs/TJs) underlie this process. Towards this end, we analyzed the relative expression levels of key AB polarity molecules including members of the ERM and Par families. Among the ERM molecules, Ezrin (Ezr) was expressed higher in ductal and Ngn3 low progenitors, but its expression levels strikingly decreased from Ngn3 high precursor state onward. In comparison, the expression levels of Moesin (Msn) were extremely low in pancreatic lineages, while the expression of EBP50 (Slc9a3rl) were reduced from Ngn3 high precursor state ( Figure 2D ). From the Par molecules, Pard6b was expressed higher in ductal and Ngn3 low progenitors, while Pard6a was expressed higher in Fev high and endocrine cells. Interestingly, the expression levels of Pard3 and Pard6g were transiently increased at Ngn3 high precursor state but decreased in Fev high cells ( Figure 2E ). Among other apical domain molecules, we found higher expression levels of Annexin A2 (Anxa2) in ductal and Ngn3 low progenitors that was reduced from Ngn3 high precursor state. Additionally, the expression level of Lethal giant larvae protein homolog 2 (Llgl2) was transiently reduced in Ngn3 high precursors ( Figure 2F ). Next, we analyzed the relative changes in the expression levels of AJs/ TJs molecules during endocrinogenesis. Amongst cellecell adhesion molecules, we analyzed the expression levels of cadherins, catenins, cell adhesion molecules (CAMs) and claudins. The major members of cadherins that were expressed in pancreatic cells were E-Cadherin (Cdh1), N-Cadherin (Cdh2), and P-Cadherin (Cdh3). Cdh1 was expressed higher in ductal cluster and Ngn3 low progenitors, but its levels decreased in Ngn3 high precursors and Fev high cells and increased again in endocrine cells. In comparison, Cdh2 was only expressed in endocrine cells ( Figure 2G) . Catenin a-1 (Ctnna1), b-Catenin (Ctnnb1), Ctnnbl1, and p120 catenin (Ctnnd1) were the major catenins that were expressed during endocrinogenesis. Similar to Cdh1, the expression levels of Ctnnb1 were also reduced in Ngn3 high precursors and Fev high cells but increased in endocrine cells. In addition, the expression levels of Ctnnd1 were reduced during endocrinogenesis as it has been reported previously [44] ( Figure 2H ). Among the CAMs, Cadm1 and Basal cell adhesion molecule (Bcam) were downregulated during endocrinogenesis, while the expression levels of Neural cell adhesion molecule 11 (Ncam) and CD166 antigen (Alcam) were increased in endocrine cells ( Figure 2I ). Finally, we found the transient downregulation of Cldn4 in Ngn3 high precursors that was strikingly restored in Fev high cells ( Figure 2J ). Altogether, scRNA-seq analysis indicates loss of AB polarity components and dynamic changes in expression levels of AJs/TJs molecules during mouse endocrinogenesis.
3D mPECs enable studying cell biological processes during endocrinogenesis
To confirm the cell biological changes during endocrinogenesis that were predicted by the scRNA-seq analysis, we triggered endocrine cell fate in mPECs using previously reported mouse and human endocrine differentiation factors (see M&M). To monitor endocrinogenesis, we used the mTmG reporter mouse line, in which membranous Tomato (mTomato) is expressed ubiquitously [35] . Crossing of this mouse model with Ngn3 Cre line [34] resulted in generation of Ngn3 Cre ; mTmG mice, in which Cre-mediated excision of the membrane Tomato (mT) reporter gene switches the expression to membrane GFP (mGFP) expression. Thus, endocrine cells first appeared in yellow (expressing mTomato and mGFP) and remained green afterwards (expressing only mGFP) ( Figure 3A and Suppl. Movie 3). It should be noted that in this system, endocrine induction occurs with low frequency; however, even low number of differentiated cells allowed morphological analysis. Immunostaining analysis confirmed the appearance of endocrine cells within the mPECs that were marked by high expression levels of Foxa2, Pdx1, and Nkx6-1 ( Figure 3B,C) , as predicted by our scRNA-seq data (Figure 2 ). Furthermore, immunostaining revealed the emergence of hormone-producing cells from the 3D mPECs ( Figure 3C ). Although, we found the presence of insulin-and glucagon-positive cells within the mPECs (Suppl. Figure 2A) , the rate of generated mono-and polyhormonal cells in this system needs to be analyzed in future studies. Overall, these data indicate that primary mPEC culture mimics endogenous activation of endocrine TF programs during endocrinogenesis. Supplementary video related to this article can be found at https://doi. org/10.1016/j.molmet.2019.09.005 To explore endocrine cell dynamics in the PEC model system, we performed time-lapse imaging of mPECs derived from Ngn3 Cre ;mTmG pancreata. We found that GFP þ cells have a tendency to cluster together within the epithelial layer (Suppl. Movie 4) and due to their highly active movements, they ultimately evaginated from the epithelial plane (Suppl. Figure 2B and Suppl. Movie 5). Moreover, the Pdx1 TF was expressed at low levels in GFP þ cells that were fully located within the epithelium, but the expression levels were increased upon endocrine cell delamination ( Figure 3D) . These data indicate that the delamination process requires an activation of further downstream TF cascades during endocrine cell development. Supplementary video related to this article can be found at https://doi. org/10.1016/j.molmet.2019.09.005 Based on our scRNA-seq analyses, we next investigated how endocrine cell morphology is changed upon cell differentiation in mPECs. ScRNA-seq analyses showed striking downregulation of epithelial AB polarity proteins including ERM members during endocrinogenesis. Therefore, we stained differentiated mPECs for AB polarity markers Ezrin and EBP50 and found the loss of these proteins in the differentiated endocrine cells upon and after delamination process ( Figure 3E ). These data were also supported by staining of E16.5 pancreatic sections ( Figure 3F and Suppl. Figure 2C ). Single-cell mRNA profiling also indicated striking changes in the expression levels of several cellecell adhesion molecules (Figure 2Ge J). Among these, we analyzed the expression of two major adhesion proteins E-Cad and b-Cat in mPECs that exhibited distinct expression pattern in epithelial and endocrine cells. Whereas epithelial cells expressed both proteins at the basolateral sides where adherens junctions are localized, the differentiated endocrine cells exhibited a reversed localization of these proteins, in which E-Cad and b-Cat were detected in the lateral and the domain towards the central lumen (apical-like domain) ( Figure 3G ,H and Suppl. Figure 2D,E) . A similar expression pattern of E-Cad was also found in E17.5 pancreatic tissue ( Figure 3I ). Altogether, in vitro and in vivo analysis indicate that the sequence of events of cell biological processes occurring during endocrine induction and differentiation can be fine-staged to the specific progenitor cell type e.g. Ngn3 high precursors and Fev þ cells.
Establishment of 3D human pancreatic cyst culture
To translate the in vitro PEC platform from mouse to human, we established a 3D culture of hiPSC-derived pancreatic epithelial cells. We used our recently generated hiPSC line (HMGUi001-A) and differentiated them towards endocrine lineage in adherent 2D cultures [36] . The differentiation procedure included definitive endoderm (DE, stage 1 (S1)), primitive gut tube (PGT, stage 2 (S2)), pancreatic progenitors 1 (PP1s, stage 3 (S3)), pancreatic progenitors 2 (PP2s, stage 4 (S4)) marked by expression of both PDX1 and NKX6-1 TFs and endocrine lineage (S5) expressing NGN3 and NKX2-2 [16, 45] (Suppl. Figure 3) . To test the potential of human pancreatic lineages to form human PECs (hPECs), we harvested single cells at stages S1, S2, S3, S4, and S5 from 2D and further cultured them under 3D condition. We noticed that although in all stages cells were capable of forming polarized cysts, the PP2 cells exhibited a higher tendency to form 3D cysts (qualitative observation) ( Figure 4A ,B and Suppl. Figure 4B) . The higher potential for hPEC generation might be due to the right niche factors within the culture media and bipotency of PP2 cells to generate endocrine or ductal epithelial lineages. Notably, at S5 stage, cells were not able to generate polarized cysts in 3D condition but rather accumulated as small aggregates that were mainly composed of NKX6-1 high cells and hormone þ endocrine cells (Suppl. Figure 4C,D) . These data highlight the reduction in self-renewal and expansion potential as well as loss of epithelial characteristics of endocrine cells that hampers their ability to form cysts with a central lumen. To assess how pancreatic epithelial morphogenesis occurs in human 3D cysts, we monitored different stages of epithelial polarization and central lumen formation. We found that upon culturing in 3D condition, human PPs aggregated and formed an AMIS at two-cell stage that was defined by the accumulation of F-Actin at the interface area ( Figure 4C ). AMIS development in hPECs mimicked the AMIS formation observed in mPECs showing that this is a very reproducible and stereotypic process occurring in polarized human and mouse epithelial cells upon polarization and lumen formation. Increased cell number with elongation of the central apical domain resulted in growth and expansion of hPECs ( Figure 4C ). Next, we examined if hPECs express human embryonic pancreatic epithelial markers. Immunostaining analysis revealed the expression of TFs, such as PDX1, FOXA2, NKX6-1, and SOX9 in hPECs ( Figure 4D ). This expression profile is similar to what has been previously reported for the human embryonic pancreatic epithelial cells [11] . Furthermore, comparable to mPECs, the expression of the intermediate filament Cytokeratin-8 (CK8), as a pancreatic epithelial marker was detected in hPECs ( Figure 4E ). Finally, we detected the expression of AB polarity markers aPKC, Ezrin and EBP50 in the apical domain of hPECs ( Figure 4E ). Collectively, these data show that mouse and human PPs are able to generate polarized pancreatic cysts in 3D condition that follow similar building principles of polarity establishment, central lumen formation and cyst expansion.
3D hPECs enable studying cell biology of human endocrinogenesis
To explore whether our 3D model system allows studying human endocrinogenesis ex vivo, we first obtained a blueprint of cell differ- Original Article 24 entiation programs using a recently reported scRNA-seq data set from in vitro human endocrine cell differentiation [17] . We analyzed the transcriptional profiles of five major clusters involved in b-cell differentiation (Suppl. Figure 5A ) that revealed the expression pattern of key TFs during lineage segregations towards endocrine fate ( Figure 5A ). For endocrine differentiation of hPECs, we harvested PP2 cells from 2D and cultured them in 3D for 1 day in S4 medium to form hPECs. Next, we switched the medium to endocrine differentiation condition and further cultured the hPECs for another day ( Figure 5B ). This method resulted in induction and differentiation of endocrine cells marked by the expression of TFs NGN3, NKX2-2 and NEUROD1 ( Figure 5C,H) . Additionally, we found the appearance of cells expressing high levels of FOXA2 that were positive for pan-endocrine marker chromogranin A (CGA) ( Figure 5D ). Interestingly, both scRNA-seq data and hPEC staining indicated upregulation of FOXA2 levels during endocrine differentiation. In comparison PDX1 levels were not increased in endocrine cells compared to the pancreatic progenitors ( Figure 5A,D) , contrary to what was observed in mouse system. Notably, we observed that cells expressing NKX2-2 and high levels of FOXA2 were not in direct contact to the apical lumen but rather were located in the second layer below the cyst epithelium ( Figure 5C,D) . This observation likely reflects the delamination process of human endocrine cells similar to what we observed in the mouse primary progenitor cell system. To explore whether changes in AB polarity and remodeling of AJs/TJs are evolutionary conserved mechanisms during endocrine cell differentiation, we first analyzed the relative expression levels of apical polarity components and AJs/TJs molecules in the scRNA-seq data from human pancreatic lineages (Figure 5EeG and Suppl. Figure 5B -E). Among apical polarity molecules, the expression levels of Ezrin were reduced during endocrinogenesis, while the expression levels of EBP50 (SLC9A3Rl) were transiently downregulated in endocrine progenitors ( Figure 5E ). Interestingly and differently with the mouse scRNA-seq, the expression levels of Moesin (MSN) were increased during human endocrinogenesis. Similar to the mouse system, the expression levels of E-CAD and b-CAT were transiently downregulated in endocrine progenitors and were increased in differentiated endocrine cells ( Figure 5F,G) . Through immunostaining analysis, we confirmed these findings in the hPEC system, that revealed loss of expression of AB polarity markers aPKC and EBP50 in the differentiated endocrine cells compared to the nearby epithelial cells ( Figure 5H ).
Moreover, we found a differential expression pattern of E-CAD and b-CAT in human endocrine and epithelial cells. Similar to mouse system, both proteins were expressed at the basolateral sides of epithelial cells but were not present on the basal sides of differentiated endocrine cells ( Figure 5I ). Overall, combining scRNA-seq analysis with hPEC differentiation was able to identify similarities and differences of cell differentiation programs and cellular processes during endocrinogenesis in mouse and human.
DISCUSSION
Due to the evolutionary diversities in organ formation and function, translation of clinical findings from animals to human requires better understanding of similarities and differences between these species. Thus, it is essential to design novel ex vivo modeling systems that allow time-resolved longitudinal analysis of biological processes. Here, we have established a robust and reproducible high-resolution 3D PEC platform, which is suitable to uncover mechanisms of early pancreatic epithelial development in mouse and human. The ability of this platform to perform single-cell continuous live cell imaging with high temporal and spatial resolution enabled studying cell biological processes underlying pancreatic progenitor epithelialization, endocrine differentiation and delamination. Yet, this 3D cyst model does not reflect the complex organization of pancreatic epithelium patterned into a central trunk and peripheral tip domains. However, it offers a simple modeling platform to analyze the early events of polarity establishment, pancreatic lumen formation, and endocrinogenesis. In addition, this system has the capacity for pancreatic-associated disease modelling with unprecedented resolution. The application of 3D epithelial cysts to model pancreatitis and pancreatic cancer has been already reported [46e50]. Therefore, generating hPECs from patientderived hiPSCs or CRISPR/Cas9-mediated genetically modified cells will expand the application of this system to study human disorders of the endocrine and exocrine pancreas in a dish.
We showed that both mouse and human PECs have potential for differentiation towards endocrine fate. However, the rate of endocrine differentiation in our system was lower than current 2D or 3D protocols. Several groups have provided evidence that PPs cultured in 3D spheroids or aggregates (cell clusters without a central lumen) efficiently differentiate into endocrine cells [51, 52] . Additionally, a recent study has reported that EGF and R-spondin-1 increased self-renewal of PPs when cultured in 3D aggregates and that long-term maintenance of PPs did not reduce their potency for endocrine fate induction [53] . These findings support the idea that 3D aggregates are likely more efficient systems for PP expansion and differentiation than 3D cysts or organoids. Despite low endocrine differentiation efficiency, we were able to monitor cellular processes during endocrinogenesis in a timeresolved fashion. Hence, the PEC platform offers a suitable system for studying cell biological events during endocrine induction rather than expanding high numbers of endocrine progenitors or differentiated cells. Future work should identify triggering factors to increase selfrenewal and endocrine differentiation potential of PECs that will extend the applications of this system for clinical translation. ScRNA-seq analysis and PEC differentiation revealed a loss of AB polarity during endocrine induction in mouse and human. Two previous studies have shown that changes in AB polarity regulate pancreatic endocrine induction and differentiation. In an elegant study, Löf-Öhlin et al. found that activation of EGFR signaling in endocrine progenitors inhibits aPKC to reduce apical luminal size. This apical domain narrowing leads to Notch signaling inhibition and Ngn3 upregulation to promote endocrinogenesis [20] . In another study led by Christopher Wright, non-muscle myosin II (nmMyoII) was found to regulate apical narrowing, basolateral movement and Ngn3 upregulation in endocrine progenitors. In addition, nmMyoII function was necessary for abscission of the cell-rear focalized apical domain of the delaminating endocrine cells [21] . Therefore, these studies have provided mechanistic details of how changes in AB polarity impact epithelial morphogenesis and endocrine differentiation. In line with their findings, our data provide further evidence that AB polarity components are dynamically regulated and ultimately downregulated during endocrinogenesis, possibly as a part of the process that differentiated endocrine cells change their epithelial characteristics. However, whether after differentiation and delamination, endocrine cells rearrange their polarity machinery to acquire front-rear or planar cell polarity needs further investigation. During epithelial morphogenesis, loss of apical polarity results in remodeling and/or resolving of AJs and TJs. In support of this notion, our data showed the differential expression levels and pattern of several cellecell adhesion molecules during endocrinogenesis. Among these, the transient downregulation of E-Cad and b-Cat in Ngn3 high precursors and Fev high cluster as well as the different expression pattern of these proteins in endocrine vs epithelial cells were remarkable. Such differential expression of adhesion molecules not only is required for morphogenetic events but also impacts cell differentiation programs via tissue segregation and cell sorting mechanisms [54] . In support of this idea, a recent study led by Henrik Semb identified that distinct levels of p120ctn segregate tip vs trunk as well as endocrine vs ductal fate during embryonic development [44, 55] . Therefore, understanding the spatio-temporal expression of cellecell adhesion molecules allows efficient generation of endocrine cells from human stem cells. Moreover, a detailed knowledge of cell surface marker changes, as has been reported for CD133, CD49f [56] , EpCAM [10] , and CD49a [17] , will help to sort progenitors from stem cell differentiation cultures to enrich for certain homogeneous cell populations to improve differentiation efficiency. Such surface markers might also help to reconstruct stem-cell derived ILCs with defined endocrine cell types in tissue engineering approaches. We found transient or complete changes in expression levels of several cell adhesion and polarity proteins in Ngn3 high precursors and Fev high population. Such findings support previous evidence that the onset of morphogenetic changes starts at Ngn3 high state and continues along endocrine cell differentiation course. Along this line, time-lapse imaging of mPECs derived from Ngn3 Cre ;mTmG reporter mouse line allowed us to monitor endocrine cell dynamics and supported the idea that cell mobility increases during endocrinogenesis. However, the molecular details of the machinery regulating endocrine cell movement still need to be identified. It should be noted that there are differences between endocrine cell dynamics in our ex vivo system with previously reported pancreatic explant culture [21, 57] . Such differences arise in the absence of the tissues (endothelial, mesenchymal, and neuronal cells) that surround pancreatic epithelium and provide ECM components and a variety of signaling cues essential for pancreatic lineage decision, morphogenesis and patterning. Thus, it is likely that endocrine cell motility and delamination are coordinated through intrinsic programs directed by signals from the neighboring tissues. Along this line, the axonal guidance cue semaphorin 3a, secreted from surrounding mesenchyme, induces endocrine cell motility and delamination in mouse [58] . This study provides an example that how endocrine cell morphogenesis is regulated by the secreted factors from non-pancreatic cells. Therefore, future works should seek to establish 3D modeling systems derived from pancreatic lineages co-cultured with non-epithelial pancreatic tissues. Such complex multi-lineage systems will more faithfully mirror in vivo developmental programs coupling human pancreatic morphogenesis and lineage formation. In summary, we provide a high-resolution 3D culture system that closely resembles embryonic pancreatic epithelium biology in mouse and human. This model system helps to better understand molecular details of pancreatic epithelial formation and endocrine cell differentiation during early development. Yet, the application of this system can be improved and broadened by generating epithelial cysts with homogenous size and composition co-cultured with mesenchymal, neuronal, and endothelial cells. Such improvements not only help to decipher molecular details of human endocrinogenesis but also aid to achieve a more efficient b-cell and islet cell differentiation platform to generate high numbers of glucose-responsive functional ILCs for cellbased therapy of diabetes. 
